Electron-beam-evaporated aluminum/silicon oxide/silicon tunnel diodes with an initial oxide thickness of 1.3 nm have been annealed for up to 1 h at temperatures from 213 to 369 "C. They have been investigated by infrared grazing internal reflection (GIR) spectroscopy and currentvoltage measurements. The measured IR spectra were analyzed by computer modeling. All spectral features could be explained self-consistently within a Al/AlO,,/SiO,/Si layer model. In the as-deposited state less than 0.6 monolayers of Al-O bonds are formed at the Al/SiO, interface. A thermally activated reduction of the ultrathin oxide film by Al was observed. The changes in the current-voltage curves induced by slight annealing ( 1 min at 213 "C) are accompanied by changes in the insulator-bonding structure, which GIR is sensitive enough to detect.
INTRODUCTION
The metal-insulator-semiconductor (MIS) tunnel diode, consisting of Al/l.3 nm SiO,/Si, is a vital part of the metal-insulator-semiconductor inversion-layer (MIS-IL) solar cell which shows promising large energy conversion efficiencies. ' In the solar cell process the formation of the tunnel diode is followed by the deposition of a silicon nitride film at 270 "C. It has been demonstrated that nitride deposited at 450 "C leads to a smaller interface state density,2 which is advantageous for the MIS-IL solar cell3 However, the silicon nitride deposition temperature is limited by the lifetime of the tunnel diode at elevated temperatures.
For a better understanding of the degradation mechanism, we have developed an IR-spectroscopic technique that allows to observe the insulator bonds within a complete and electrically working diode. We performed infrared grazing internal reflection (GIR) measurements4 and modeled the measured spectra with a recently proposed dielectric function model;5 the model accounts for the randomness of the vibrational frequencies in amorphous solids.
GIR offers important advantages over commonly applied investigation techniques (see Ref. 6 and references therein) such as Auger electron spectroscopy in combination with sputter profiling (AESP), x-ray photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM): (i) electrically functioning diodes can be investigated; (ii) no high-energy particles that may affect the samples are used; and (iii) the investigation is fast and simple as it neither needs extra process steps (such as the removal of the Al or the Si) nor a vacuum ambient. Because of (i) and (ii), GIR represents a powerful approach to many interface-related problems in the field of MIS structures.
II. MODELING OF THE SPECTRA
The GIR technique applies a grazing angle reflection of the IR light at the MIS structure. After the light is coupled into the Si substrate through a beveled sample edge ( Fig. 1 ) allowing transmission at normal incidence, it is reflected at the MIS structure, and it finally leaves the sample through a second beveled edge. The absorption is greatly enhanced for p-polarized light, while it is suppressed for s-polarized light. A theoretical treatment of the method is given in Ref. 4. Especially for strong vibrational modes, such as Si-0, the spectra measured may differ substantially from the normal incidence transmission spectra. Hence, for quantitative analysis modeling of the spectra is essential. The algorithm of Ref. 7 has been applied to calculate the reflectance of the MIS structure from the dielectric functions of the films. Details on the calculation and fitting procedure as well as details on the recently proposed model for the dielectric function (DF) of amorphous solids may be found in Ref. 5. After annealing, the MIS structure contains at least three different bonds: Si-0, Al-O, and Si-Si. The Al-O bonds are expected to be closer to the Al than to the Si interface, whereas Si-0 bonds are expected to be closer to the Si than to the Al interface. We therefore have chosen an Al/AlO,./SiOdSi layer model. An ultrathin IR-transparent a-Si layer (possibly resulting from the reaction 3 Si02 + 4 Al-+2 Al203 + 3 Si) would have negligible influence on the spectra. This was confirmed by model calculations. Experimental evidence for such a layered structure in the Al/Si02 interfacial region has been given using soft x-ray synchrotron-radiation-excited photoelectron spectroscopy.' Al-O and Si-0 vibrational modes are expected in the 700-1400 cm -' frequency range. In this range the Al-O layer can be modeled with a single oscillator and an index of refraction of 1.7 (as in ~-AlzO3),' whereas silicon oxide can be modeled with three oscillators.' For the SiO, film an index of refraction of 1.45 was chosen. In order to fit the measured spectra, it was found to be sufficient to scale the frequencies, widths, and strengths of all three oscillators (as determined in Ref. 5) with a common factor, respectively. For weak absorptions the reflectance only depends on the product of oscillator strength and film thickness.4 This is not the case for strong absorptions, such as the Si-0 vibrational mode. Therefore, the fitting algorithm was allowed to vary the film thicknesses and oscillator strengths independently, but only the product of both are used for the interpretation. Thus eight parameters of the Al/AlO,JSiO,/Si structure (frequency, width, and strength of Al-O and S&--G oscillators and the AlO,, and SiO, film thicknesses) had to be adjusted to achieve a least-squares fit to the measured spectra.
Ill. EXPERIMENT
Single reflection internal reflection elements (IRE) of (lOO)-oriented float-zone (FZ) silicon of resistivity 50 s1 cm (boron doped) of 8.5 X 25 X 1.5 mm3 size have been prepared (Fig. 1 ) . They were mechanically polished on the entrance, the reflection, and the exit faces. The damaged layer from polishing was removed by chemically etching off 5 pm of silicon. After etching off the native oxide in diluted HF, an Al contact was electron beam evaporated onto the back side of the IRE. An ohmic contact was then formed by heating in dry oxygen (02:N2 = 2:3 at atmospheric pressure) at 500 "C for 10 min; simultaneously an oxide film of 1.3-nm thickness was grown on the reflection face of the IRE. The oxide thickness was measured ellipsometrically at 632.8 nm assuming an index of refraction of 1.45. Finally a 5-pm Al film was electron beam evaporated atarateof7nms- ' onto the thin oxide while the sample temperature was below 150 "C. Al dots of 1 mm diam were defined by a shadow mask. The 10X 8.5 mm2 diode is used for the IR measurements and the smaller diodes for the current-voltage measurements (Fig. 1) .
In order to realize short annealing times the samples were annealed on a hot plate in air. The temperature of the hot plate was stabilized to f 7 "C. Current-voltage curves have been determined with a Keithley 238 high-current source measure unit. All IR spectra were recorded at room temperature with a commercial Fourier-transform infrared spectral photometer (model FTIR-1760, Perkin-Elmer), at 16 cm -' resolution, and with a deuterated triglycinesulfate detector. The light used is s or p polarized by a AgBr gold-wire grid polarizer. 500 scans were taken at alternating polarization in the unpurged spectral photometer. More details of the GIR measurement technique are given in Ref. 4.
IV. RESULTS
For all temperatures (213, 266, 3 14, and 369 "C) and annealing times (l-64 min) a steadily decreasing peak at about 1240 cm -i and a steadily increasing absorption band at about 850 cm -' was observed. This is shown in Fig. 2 for annealing at 266 "C. The quality of agreement between the measurement (solid lines) and our model calculations (dotted lines) is demonstrated for the as-prepared and 64-min annealed state in Fig. 2 . The peak at 1240 cm -' has already been identified to be due to Si&O vibrations.4 The broken line in Fig. 2 shows a GIR spectrum of an oxide film of 1.3 nm thickness calculated with the DF of a thick high-temperature oxide. This DF was determined from a transmission spectrum of a 145-nm silicon dioxide film on silicon (oxidized in dry 0, at 1000 "C). So a large part of the peak at 820 cm -' (in the as-prepared state) is expected to be due to the silicon oxide. The strongest of the Si-0 vibrational modes shows a resonance frequency decreasing from 1090 cm -' in the as-prepared state to 1070 cm -' after 64-min annealing; at the same time the Si-0 oscillator widths increase by 20%, as revealed by the model calculations. After annealing, a strong peak with a resonance wave number of 853 cm -' (as determined by modeling) has evolved. For an oxidized Al film of 28-nm thickness a resonance wave number of 849 cm -' was found.5 Considering also the results of AESP measurements on Al/Si02 interfaces (e.g., Ref. 6), we assign the evolving peak to Al-G vibrations. The AI-O resonance frequency increases from 800 cm -' after 1 min to 853 cm -' after 64-min annealing; at the same time the AI-O oscillator widths decrease by 20%, as revealed by the model calculations.
In order to investigate the kinetics of the reaction, the area densities nsi-o of Si-0 and nA1-o of Al-O bonds have to be determined. This number is proportional to the product of oscillator strengths and film thickness. Taking these values from the modeled spectra, we plot the change in area density Ansio of Si-0 bonds as a function of annealing time (Fig. 3) . The time dependence can be well described by Ansi+ = a + b log(f/min). At 314 and 369 "C the spectra taken for long annealing times (> 16 and >4 min, respectively) showed a strong frequency-dependent base line shift, which is most probably due to an increasing interface roughness. The layer model should not be applied to these spectra until the reason for the base line shift has been investigated.
If the temperature affects the reaction velocity only, a unique relation between the temperature-induced changes Ansio and AnA1-o should exist; Fig. 4 demonstrates that this indeed is the case. The near linearity of this relation further shows, that the number of AI-O bonds formed per broken Si-0 bond is constant with annealing time and temperature. In Fig. 4 , Ana = -1.3 corresponds to the situation where all of the Si-0 bonds are broken. Figure  5 shows the natural logarithm of the time 7, necessary for Ansi-.o to decrease to -0.32, against the reciprocal temperature (circles in Fig. 5 ). The time r was determined from the relation Ansi-o = a + b log(r/min) = -0.32. For the reduction of ultrathin SiO, by Al an activation energy EA,sio of 0.98 *O. 1 eV results from the slope of the straight line.
The current-voltage curves of one of the diodes annealed at 266 "C are shown in Fig. 6 . With annealing time the reverse saturation current is decreasing first and increasing for long annealing times. We have chosen the reverse current at -0.2 V bias, I( -0.2 V), as a measure for the quality of the diodes (sign convention: voltage positive if forward biased). For all diodes measured this quantity is monitored as a function of annealing time in Fig. 7 ; the lines are cubic splines through the average current values. The higher the annealing temperature, the faster I( -0.2 V) increases. The squares in Fig. 5 show the time 7 necessary for an increase of I( -0.2 V) to 10 -' A against reciprocal temperature. For the electrical degradation of the diodes, as monitored by I( -0.2 V), an activation energy EA,l( -o.2 V) of 0.87*0.2 eV can be determined from the slope of the line.
V. DISCUSSION
The identification of the Si-0 and Al-0 peaks in the spectra of Fig. 2 , the unique relation between the changes of the area bond densities Ansio and AnAio (Fig. 4) The large conductivity of a-Si and A1203 compared to Si02 decreases the parallel resistance of the diode (64 min in Fig. 6 ). The activation energies determined in this work is substantially lower than the value of 2.56 eV found for the penetration of Al into the bulk of u-silicon dioxide." We attribute this to differences in microstructure between thick and ultrathin oxide films, oxidized at high ( 1000 "C) and low (500 "C) temperature, respectively. A film of 1.3-nm thickness is expected to have many strained bonds which may be broken more easily than less strained bonds in thick high-temperature oxides. Nonstoichiometry of the ultrathin oxide films is also likely to lower the activation energy for the reduction of SiO,: In a soft x-ray photoemission study applying thin Al overlayers on a-SiO,, it has been shown that suboxides are reduced more easily than Si02.* In an earlier study of thermal degradation of the electrical properties of Al/SiOJSi diodes the degradation activation energy was found to be 2.56 eV." This is the same activation energy that was found by Black" for the penetration of Al into a-Si02 films of 900-nm thickness. Therefore, it was concluded that the degradation of Al/Si?JSi diodes is due to a reduction of the SiO, by Al, although no direct evidence for the formation of Al-O bonds was given." Thus an extremely-high-quality ultrathin oxide film must have been grown to achieve an activation energy as high as 2.56 eV for the electrical degradation of Al/SiO,/Si diodes as reported in Ref. 11 .
The sensitivity of GIR measurements allows to set a strong upper bound for the number of AI-O bonds present in the as-prepared state. The thickness of the Al/Si02 interface region is strongly dependent on the process parameters and has been a subject of many investigations. It steadily decreased with refinements of the measurement techniques until finally it has been found to be atomically abrupt for resistively evaporated A1.6 From the spectrum in the as-prepared state and that after 64-min annealing at 266 "C, it can be concluded that the initial number of AL-O bonds makes up less than a monolayer: Assuming an O-S&--O bond angle of 140" and a Si-0 bond length of 0.16 nm, one Si02 unit measures 0.3 nm in length.12 In 1.3 nm of SiO, we can therefore accommodate about four Si02 layers forming nine Si-0 bond layers. 35% of the initial Si-0 bonds are broken after 64 min. So the Al-O peak arising at 850 cm -' will correspond to a number of bonds which is less than 35% of the initial Si-0 bonds. The as-prepared peak height at 800 cm -' measures 20% of its final heights. If this initial small peak were entirely due to Al-O this would correspond to 0.2X0.35 X9 = 0.6 layers of Al-O bonds. So we have established that less than 0.6 monolayers of Al-O bonds are formed at an electron-beam-evaporated Al/l.3 nm SiO, interface. As SiOZ is known to have a mode at about 800 cm -' (see the broken line Fig. 2 ) it is likely that much less than half a monolayer of Al-O bonds are formed after electron-beam Al evaporation. From Figs. 3 and 7 it can be concluded that the electrical properties of the diodes do not start to degrade until at least 30% of the Si-0 bonds have been broken.
We would now like to pay attention to the changes in line widths and resonance frequencies as obtained by the model calculations. In the spirit of the DF model for amorphous solids,5 the 20% increase in the Si-0 linewidth can be understood as a transition to an increasingly disordered SiO, film due to the growing AlO,, film. Consistently the Al-0 linewidth was found to decrease with annealing time (increasing AlO, film thickness). The frequency shifts of the Al-0 and Si-0 modes are more difficult to interpret because they can be accounted for by different mechanisms: (i) A change in stoichiometry changes the average bond strength and therefore the frequency. (ii) The restoring forces may be different for atoms at the interfaces and atoms within the film. This introduces a thickness dependence of the frequency. (iii) In a GIR spectrum of a strongly absorbing bond the peak absorption will be at the frequency close to the zero of the real part of the dielectric function. So an increase in the refractive index will lower the frequency of maximum absorption. Mechanism (i) will certainly apply to the SiO, film because a growing AlO,, film will reduce x and a linear relation between x and vibrational frequency has been established. l3 Mechanism (ii) has been claimed to be responsible for an A&O3 frequency increasing with film thickness.'4 A change of the high-frequency index [mechanism (iii)] could be caused by a mixing of the AIO, SiO,, and a-Si phases and is not accounted for by the applied model. Increasing the SiO, index from 1.45 to 1.7 would indeed yield the frequency shift observed, but would also strongly distort the shape of the Si-0 peak in contrast to the measurements (Fig. 2) . This is an important observation as the sensitivity amplification factor of the GIR method depends strongly on the refractive index4 so that a change in index of refraction would lead to erroneous bond concentrations.
VI. SUMMARY
Behavior of MIS tunnel diodes under thermal stress was investigated with respect to the bonding structure and electrical performance. It was shown that in the as-prepared state the electron-beam-evaporated Al/l.3 nm SiO,/Si tunnel diodes contain less than 0.6 monolayers of Al-O bonds. The number of Al-O bonds increases steadily upon annealing while the number of Si-0 bonds decreases. The diodes did not start to degrade (as monitored by the reverse current at -0.2 V bias) until at least 30% of the Si-0 bb..ds were broken. For the diodes investigated the oxide reduction is a thermally activated process with an activation energy of 0.98 f 0.1 eV. All features of the measured spectra were consistently explained within a Al/A1O,/SiOX/Si layer model. The activation energy of 0.87hO.2 eV for the degradation of the electrical performance, as monitored by the reverse current at -0.2 V, indicates that the rate-limiting step for the electrical degradation is the reduction of silicon oxide by Al.
